Mastitis in dairy cattle leads to reduced milk yield and quality, and thus causes enormous financial harm to dairy farmers \[[@r4]\]. Mastitis is mainly caused by bacterial infections, but various different pathogens have been reported \[[@r19]\]. Mastitis from gram-negative bacilli is largely caused by *Escherichia coli* or *Klebsiella* spp., and the seriousness of clinical disease ranges widely: from mild cases with only an abnormality in milk, to moderate cases showing localized symptoms, to severe cases showing systemic symptoms \[[@r14]\]. With mastitis due to coliform bacteria, it has been reported that if symptoms are not systemic (i.e. in mild or moderate cases), treatment with antibiotics is not required \[[@r11]\]. Nonetheless, a third of mastitis cases due to coliform bacteria are severe (acute coliform mastitis, ACM), and they can at times be fatal. Even if the cow recovers, a marked decrease in milk yield following the disease can still cause significant economic damage \[[@r5]\]. This is a significant problem, and appropriate treatment is needed.

In cases of coliform mastitis with severe symptoms, there is a risk that the level of bacteria in milk may increase to uncontrollable levels, leading to the development of bacteremia; in such cases, antibiotics are used to reduce bacteria numbers. Research to date on antibiotic treatment of ACM has included considerable numbers of experimental and field studies, and Suojala *et al.* concluded that the optimal antibiotic treatment for ACM due to *E. coli* is a fluoroquinolone administered at the maximum dose, with treatment by third- or fourth-generation cephalosporin antibiotics also recommended \[[@r18]\]. These are among the most useful classes of antibiotics in both human and veterinary medical applications \[[@r1]\], and from a public health perspective, caution is needed in the way they are used to ensure that they maintain their effectiveness. In Japan, based on a risk assessment by the Food Safety Commission, the Ministry of Agriculture, Forestry and Fisheries has limited the use of fluoroquinolone and third- or fourth-generation cephalosporin antibiotics to second-line drugs as a risk management measure. This restriction applies equally to ACM.

Oxytetracycline (OTC) is a bacteriostatic antibiotic with a broad spectrum of activity, and it has been approved in Japan as a drug for treatment of livestock diseases. It is often used as a first-line drug in the treatment of ACM \[[@r9]\] due to the low release of lipopolysaccharides accompanying the elimination of *E. coli* \[[@r2]\]. Selection of a drug that is effective at eradicating the pathogen is essential in the treatment of infectious disease, and the resistance rate of bovine *E. coli* to OTC in Japan was reported to be 29.1% in 2008 and 20.0% in 2009 \[[@r10]\]. It is therefore likely that ACM caused by OTC-resistant *E. coli* occurs and is treated, but to date there have been no reports clinically evaluating first-dose effects of OTC on ACM that take drug susceptibility into account.

The purpose of the present study was therefore to clarify effects of susceptibility to the first dose of OTC on treatment results in naturally occurring ACM cases.

MATERIALS AND METHODS {#s1}
=====================

The study was approved by the ethical committee at Azabu University.

Animals and experimental design
-------------------------------

We collected 57 clinical ACM cases among cattle in Hokkaido and Miyagi Prefecture that developed the condition between August 2016 and December 2017. From those cases, 38 lactating cows given a first-line antibiotic treatment of systemic OTC (10 mg/kg body weight) and with a pretreatment sample culture yielding *E. coli* alone were enrolled in the present study. All 38 cattle presented with systemic symptoms, and the severity of the disease was classified from moderate to severe on the basis of a prior report \[[@r22]\]. None of the cattle had a history of vaccination with the J-5 strain of *E. coli*. Following diagnosis by a local veterinarian, each cow underwent a clinical evaluation, and milk samples were collected aseptically prior to antibiotic administration. To ensure animal welfare, all cattle were given further treatments as deemed necessary by the attending veterinarian. To evaluate the effect of first-line antibiotic treatment, the cattle were first divided into OTC-susceptible (S) (n=30) and OTC-resistant (R) (n=8) groups on the basis of minimum inhibitory concentration (MIC) of OTC for isolated *E. coli* strains. Next, S and R groups were further subdivided into susceptible-susceptible (SS) (n=30), resistant-susceptible (RS) (n=5), and resistant-resistant (RR) (n=3) groups on the basis of a combination with susceptibility and resistance to the antibiotic administered on the second day after onset of mastitis.

Microbiology tests and MIC measurement
--------------------------------------

Milk samples were stored under refrigeration until culture. Pathogens in the milk were identified according to the National Mastitis Council (NMC) procedure \[[@r7]\]. The broth dilution method was used to determine MICs according to guidelines from the Committee for Clinical and Laboratory Standards Institute (CLSI) \[[@r20]\]. Antibiotic susceptibility and resistance were determined on the basis of the MIC breakpoints established by the Japanese Veterinary Antimicrobial Resistance Monitoring System \[[@r10]\].

Assessment of treatment outcome
-------------------------------

Local udder and systemic clinical signs were observed immediately before treatment (on day 0) and on the following three days after initiation of treatment (days 1, 2, and 3), as short-term indicators of the effects of treatment. All clinical observations were carried out by veterinarians, and observation criteria were standardized to exclude bias as a result of multiple examining veterinarians. Localized udder signs observed as present or absent were: swollen udder, udder firmness, and abnormal milk. Systemic signs observed were: decreased appetite, diarrhea, low skin temperature, ocular hyperemia, dehydration, and astasia. Since the antibiotic residue period in meat affects a farmer's decision to cull, the endpoint of group survival rate at 28 days from onset was taken as a long-term index of the effects of treatment. Survival in each group was confirmed by data from the Japanese cattle traceability system of the National Livestock Breeding Center.

Statistics
----------

Fisher's exact test was used to compare clinical data between S and R groups for each observed clinical symptom from day 0 to day 3. The 28-day survival rate was compared among SS, RS, and RR groups using the log-rank test, and adjustment was subsequently carried out using the Holm method. A log-rank trend test was also used to analyze trends in each group. In addition, multivariate analysis was conducted using a Cox proportional hazard regression model; for this, the explanatory variables (factors considered likely to affect prognosis) were age, days in milk, parity, and general clinical score at the initial examination, and the objective variable was the 28-day group survival rate. All statistical analyzes were performed using EZR (ver. 1.27; Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical user interface for R (The R foundation for Statistical Computing, Vienna, Austria) \[[@r8]\].

RESULTS {#s2}
=======

Results of microbial tests and division into groups by antibiotic susceptibility of *E. coli* isolated from the mastitic udder milk, and distribution of the MIC of OTC for all strains, showed bimodality ([Table 1](#tbl_001){ref-type="table"}Table 1.Minimum inhibitory concentration (MIC) distribution for *Escherichia coli*(n=38) from acute coliform mastitis in dairy cows). Thirty strains showed susceptibility (susceptible group, S), and eight strains showed resistance (resistant group, R) to OTC used as initial treatment on day 0, with a resistance rate of 20.5%. Antibiotics administered on day 1 were enrofloxacin (ERFX, n=28), OTC (n=8), kanamycin (KM, n=1), or none (n=1). Antibiotics administered to the S group (n=30) on day 1 (ERFX, n=24; OTC, n=6) were both effective (SS group). In the R group (n=8), an effective drug (ERFX, n=4; KM, n=1) was administered to five cattle (RS group); of the remaining three cattle (RR group), two were administered a drug to which organisms were resistant (OTC), and one died before further treatment.

Clinical score
--------------

There were no significant differences in clinical scores for observed local signs between the groups from day 0 to day 3. For systemic signs, there was no significant difference between clinical scores in groups on either day 0 or day 1, but both groups showed improvement on day 1 following treatment ([Table 2](#tbl_002){ref-type="table"}Table 2.Comparison of systemic and local signs between the S group and the R group up to 3 days after onsetParameterDays after onsetSusceptible group (n=30)Resistant group (n=8)*P*-value^a)^Local udder clinical signsSwelling0308NT12470.5721860.3931650.68Firmness02680.5612170.1621650.6831641Milk abnormality0308NT1297NT2267132570.57Systemic clinical signsDecreased appetite0308NT11650.6729213440.030Diarrhea01120.691420.322110.363311Low skin temperature02170.6511440.692340.0163120.090Ocular hyperemia01040.4311040.392540.0503340.016Dehydration01140.6911110.392210.493311Astasia07211520.6024113230.040a) Fisher's exact test. All parameters were not recorded for all cows. NT, note tested.). On day 2, the R group showed a significantly greater proportion of ocular hyperemia than the S group (*P*=0.0497). On day 3, the R group showed a significantly greater proportion of not only ocular hyperemia (*P*=0.0164), but also decreased appetite (*P*=0.0301) and astasia (*P*=0.0404).

Twenty eight-day survival rate
------------------------------

The 28-day survival rate by group was 80.0% (24/30 cattle) in the SS group, 60.0% (3/5 cattle) in the RS group, and 33.3% (1/3 cattle) in the RR group ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Comparison of 28-day survival rates between groups based on susceptibility to the antibiotic used until the second day of treatment (SS group, n=30; RS group, n=5; RR group, n=3).). The 28-day survival rate was significantly higher in the SS group than in the RR group (*P*=0.04). There was also a trend for the 28-day survival rate to decrease in the group order: SS, RS, and RR (*P*=0.015). In the Cox proportional hazard regression model corrected for age, days in milk, parity, and general clinical score at initial examination, the 28-day survival rate was significantly greater in the SS group than in the RR group (*P*=0.001805) ([Table 3](#tbl_003){ref-type="table"}Table 3.Final Cox proportional hazards regression model for the analysis of effect of acute *E. coli* mastitis treatment on risk for a 28 days survival rate at the cow level between 1st and 2nd line antibiotic susceptibilityVariable^a)^Hazard ratio95% cnfidence interval*P*-valueLowerUpperSSReferentRS3.330.6018.390.17RR54.954.44680.50\<0.01a) Combination with susceptibility and resistance to the antibiotics used on the first and second day (SS: susceptible-susceptible, RS: resistant-susceptible, RR: resistant-resistant).).

DISCUSSION {#s3}
==========

In the present study on cases of naturally-occurring ACM, MIC values for OTC with respect to *E. coli* isolated showed a bimodal distribution, and on the basis of microbiological breakpoint, the resistant proportion was 20.5%. This result resembles a report on resistance monitoring of *E. coli* derived from healthy or diseased cattle \[[@r10]\]. This therefore demonstrates that *E. coli* with resistance to OTC is present in an environment in which ACM can occur.

The clinical condition of all cases improved on day 1 as a result of initial systemic administration of OTC, regardless of whether the bacterial strain was susceptible. Acute ACM symptoms appear as a result of an excessive inflammatory reaction to lipopolysaccharides, a structural component of the cell wall of gram-negative bacilli \[[@r15]\], and it has been shown that the severity of symptoms depends on the amount of lipopolysaccharides in the udder \[[@r6]\]. In addition, it has been reported that experimental injection of unmixed lipopolysaccharides into the udder can reproduce the same pathological conditions as ACM \[[@r23]\]. It is therefore likely that in the acute phase of ACM the clinical response following the first administration of an effective antibiotic for pathogen control is relatively small. At the same time, when compared to the susceptible group, the resistant group showed an increasingly greater proportion of individuals exhibiting signs such as decreased appetite and ocular hyperemia from day 2 to day 3, and the proportion of astasia also increased. It has been reported that bacteremia occurs in 32% of cases of severe ACM \[[@r21]\], and the worsening clinical condition was probably the effect of incomplete bacterial control by the first-line treatment. In order to elucidate this, additional tests taking into account the bacterial load of blood or milk are necessary.

As a long-term evaluation, cattle were further grouped into combinations according to susceptibility to the antibiotic administered on day 1, and the 28-day survival rate was evaluated. The SS group showed a significantly higher 28-day survival rate than the RR group. In addition, the 28-day survival rate showed a decreasing trend in the order: SS, RS, and RR. This trend was presumably due to the increased proportion of cattle that showed worsening of septicemia-like systemic signs in the R group from day 2 onward, such as ocular hyperemia, decreased appetite, and astasia, which led to death or culling. Further, the RS and SS groups were both administered effective drugs at the second examination, and while the difference was not significant, the RS group showed a lower 28-day survival rate. These results show that in ACM treatment, if an effective antibiotic is not used by day 1 at the latest, the 28-day survival rate decreases.

Interestingly, in the SS group, where effective antibiotics were administered from the first-line treatment onwards, a few individuals were culled from 14 days after onset. The main reason for cattle being culled after they passed the ACM acute phase and were showing systemic recovery was an economic judgment based on reduced productivity due to lowered milk yield \[[@r17]\]. The reason reported is that it is difficult to produce and maintain therapeutic concentrations in milk via systemic administration of OTC \[[@r16]\]; therefore, it appears there may have been incomplete pathogen control within the udder. However, all of the cases culled within 28 days in the present study had concomitant administration of effective antibiotics within the udder, so the relationship with localized pathogen control within the udder is unclear.

At the same time, damage to mammary tissue caused by reactive oxygen species \[[@r12]\] or proteases \[[@r13]\] derived from neutrophils has been reported to be a primary factor in decrease of milk yield and quality after the onset of ACM \[[@r3]\]. ACM treatment given to increase the 28-day survival rate must bring about not only recovery of systemic symptoms, but also recuperation of milk yield, and as such pathogen control by means of an effective antibiotic alone may be insufficient.

The selection of an agent to which the pathogen is susceptible is essential in the treatment of infectious disease. The present study shows the importance of using an effective antibiotic in the treatment of ACM at least until the second day of disease, and it also clarifies that the susceptibility or resistance to OTC of the pathogen cannot be conjectured from the clinical response on the second day. It generally takes 48 hr to obtain the results of drug susceptibility tests, which means that reflecting results of drug susceptibility tests in the treatment of cattle tested is not a realistic prospect in the case of ACM. Thus, empiric antibiotic selection is extremely important in treatment carried out within the first 48 hr of diagnosis (at the time of initial and secondary examinations), and the selection criteria must be based on scientific evidence. Even though it may not be possible to make use of results from drug susceptibility tests in the treatment of cattle tested, obtaining a picture of drug resistance trends in the herd will allow judgment criteria to be fortified before empiric antibiotic selection for treatment of ACM in that herd. Actively performing drug susceptibility tests is thus considered to be important. Nonetheless, acute phase ACM pathogenesis does not only depend on the pathogen, but is also intimately related to the bacterial load and the amount of lipopolysaccharides present \[[@r6]\]. There is, therefore, a need for comprehensive research that includes not only antibiotic susceptibility testing, but also assessment of bacterial load and lipopolysaccharides to appropriately evaluate antibiotic treatment of ACM.

The present study showed that if OTC is used in the initial treatment of ACM caused by OTC-resistant *E. coli*, the prognosis worsens. If an antibiotic for initial treatment of ACM is to be selected empirically, it is essential to select an antibiotic that may be expected to have sufficient effectiveness on the basis of drug resistance trends (antibiogram) within the herd.
